as well as with BMI. Nevertheless, there was a bias and variability between different measures of WC. In adults, WCR (compared to WCM and WCC) was the only predictor of VAT as assessed by computed tomography in a regression model, although all WCs were closely correlated with VAT. Moreover, a high WCR (compared to WCM and WCC) was associated with a higher glucose concentration; WCR and WCM differentiated normal from elevated triacylglycerol levels [13] . Since the need of an internationally accepted WC measurement site was disclosed [11, 12] , further research is needed in this field. This study used data of 91 female and 89 male subjects (6.1-19.9 years; 12.2% overweight), where WC was assessed at four different sites (WCR, WC4, WCM, WCC)). The aims of the study were i) to investigate the concordance of 4 WC measurement sites among each other, and to examine their relationships with ii) nutritional status and iii) cardiometabolic risk factors.
Subjects and Methods
Study Design and Population 91 female and 89 male subjects (13.2 ± 3.7 years) of Caucasian descent were recruited by notice board postings, writing to families who attended the Kiel Obesity Prevention Study (KOPS) [14] , and publicity of participants. Subjects did not take any medication known to influence body composition or cardiometabolic risk factors. The local Ethics Committee of the Christian-Albrechts-University in Kiel (Germany) approved the study. Written informed consent was obtained from each child/adolescent and their legal guardian before measurement, or by the subject itself. The study meets the standards of the Declaration of Helsinki in its revised version of 1975 and its amendments of 1983, 1989 , and 1996.
Assessment of Nutritional Status and Pubertal Stage
After an overnight fast, height was measured to the nearest 0.5 cm against a stadiometer (SECA, Modell 220, SECA, Hamburg, Germany). Body weight was measured to the nearest gram using the digital scale coupled to the BodPod TM system (Body Compostion System, Life Measurement Instruments, Concord, CA, USA). BMI was calculated as weight (kg) / height (m 2 ). German reference percentiles were used to calculate BMI-SDS (standard deviation score) and to define overweight (>90th percentile) [15] . The upper age limit of 18.5 years for these references resulted in 171 children/adolescents for this analysis. For adults, WHO references were used to define overweight [16] . Subjects were dressed in underwear, and WC was measured at 4 different sites to the nearest 0.5 cm at minimal respiration. An inelastic tape was placed directly on the skin, while subjects stood balanced on both feet with their arms hanging freely. Four WCs were measured by a single observer: i) directly beneath the lowest rib (WCR), ii) 4 cm above the umbilicus (WC4), iii) midway between the lowest rib and the iliac crest (WCM), and iv) directly above the iliac crest (WCC). The intra-observer coefficients of variation (CVs) of 4 trained observers were 0.6% (WCR), 1.5% (WC4), 1.1% (WCM), and 0.7% (WCC). The corresponding interobserver CVs were 1.0% (WCR), 1.1% (WC4), 1.9% (WCM), and 3.1% (WCC). 'Overwaist' was defined as a WC exceeding 90th age-/sex-specific percentile of Dutch reference values [17] which were generated from WC measurements midway between the lowest rib and the iliac crest in 14,500 children, adolescents, and young adults (age range: 0-21 years). Vice versa, Hitze/Bosy-Westphal/Bielfeldt/Settler/ Mönig/Müller 'normal waist' was defined as a WC ≤ 90th percentile. Hip circumference was measured at the level of symphysis, and waist-to-hip ratios were calculated. Body composition (fat mass (FM) and fat-free mass (FFM)) was assessed by air-displacement plethysmography (ADP; BodPod TM , Life Measurement Instruments), and child-specific corrections for ADP were applied as described elsewhere [18] . Tanner stages of pubertal development (pubic hair stages for both sexes, breast stage for females, and genitalia stages for males) were assessed by using standard pictures on scales from 1 to 5 according to Tanner [19] . For children aged younger than 10 years, Tanner stage 1 was chosen. Children and adolescents older than 10 years reported their pubertal stage by themselves. This procedure has been validated by Duke et al. [20] .
Cardiometabolic Risk Factors
Blood pressure was measured with a standard manual sphygmomanometer in a seated position. Glucose levels and lipid profile were measured in series on a VITROS ® 950 Chemistry System autoanalyser (ortho-Clinical Diagnostics, Neckargemünd, Germany), low-density lipoprotein cholesterol (LDL-C) was calculated using the Friedewald equation [21] . Radioimmunoassay was used to assess plasma insulin levels (Adaltis, Freiburg i.Br., Germany; CV < 5.4%), and insulin resistance was calculated by homeostasis model assessment of insulin resistance: HOMA-IR = (glucose (mmol/l) × insulin (μU/ml)) / 22.5 [22] .
Statistical Analysis
Analyses were performed using SPSS 15.0 for Windows (SPSS, Chicago, IL, USA) and were stratified by sex. Descriptive statistics were given as median (interquartile range; IQR) or mean ± SD (range). Mann-Whitney U-Test was used to compare means between females and males. Chisquare test was applied to analyse differences in the frequency distribution of categorical variables. Pearson's correlation was performed to demonstrate the relationship between 2 variables. To analyse an association while considering age and pubertal stage as covariates, partial correlation was adopted. To test if correlation coefficients differed from each other, significance test according to Meng et al. [23] was used [24] . Normal distribution was tested by Kolmogorov-Smirnov test. Parameters that showed no normal distribution were log10-transformed for correlation analysis. Bland-Altman plots for difference vs. mean for different WC measurement sites were used to determine absolute agreement between the measures [25] . To test if differences between 2 WC measurement sites were significantly different from 0, t-test was adopted. A p value < 0.05 (two-sided) was considered to be statistically significant.
Results

Characterisation of the Study Population
Descriptive statistics are summarised in tables 1 and 2. When compared with males, females were shorter, had a lower FFM and higher FM. Prevalence of overweight was 11.0% for females and 13.5% for males (p > 0.05). Regarding the four different WC measurement sites, females had a lower WCR and WC4 compared to males, whereas WCM and WCC did not significantly differ between genders. However, females had lower waist-to-hip ratios than males, whereas pubertal stage, hip circumference, and cardiometabolic risk factors did not significantly differ between genders. (table 3) , and systematic errors were observed for the assessment of WC ( fig. 1 ). WCR underestimated WC compared to WCM, and the same was true for WC4 compared to WCM and WCC. On the other hand, WCC overestimated WC compared to WCM, and the same was true for WCC and WC4 compared to WCR. Except for the comparison of WCR vs. WC4, this effect was stronger in females compared to males (table 3). The limits of agreement (mean bias defined as the mean differences between measurement sites and 95% confidence interval (± 2 SD)) were narrowest for WCR compared to WC4 (-0.52 (-3.7-2.7)) and widest for WCR compared to WCC (-5.7 (-13.7-2. FFM = Fat free mass; FM = fat mass; SDS = standard deviation score; WCC = waist circumference assessed above the iliac crest; WC4 = waist circumference assessed 4 cm above the umbilicus; WCM = waist circumference assessed midway between the lowest rib and the iliac crest; WCR = waist circumference assessed beneath the lowest rib. **p < 0.01; ***p < 0.001: significant difference between genders. a n = 88 (females) and n = 83 (males) HDL-C = High-density lipoprotein cholesterol; HOMA-IR = homeostasis model assessment of insulin resistance; LDL-C = low-density lipoprotein cholesterol; RRdias = diastolic blood pressure; RRsys = systolic blood pressure. 
Concordance of WC Measurement Sites
Relationship of WC Measurement Sites with Nutritional Status
Relationship of WC Measurement Sites with Cardiometabolic Risk Factors
Correlation of cardiometabolic risk factors with WCs measured at four different sites and BMI is shown in table 5. All measures of WC were positively correlated with blood pressure, triglycerides (females), LDL-C (males), glucose levels (females), and HOMA-IR. By contrast, a negative correlation was observed for all measures of WC and high-density lipoprotein cholesterol (HDL-C). In females, WCC compared to WCR had a stronger correlation with triglycerides. In males, WCC compared to other WCs had a stronger correlation with LDL-C. Comparing different WC measurement sites with BMI, WCs were closer related to glucose levels (females) and HOMA-IR (both genders) as well as diastolic blood pressure (males).
Discussion
Although closely related to each other, different WC measurement sites gave different magnitudes with WCR<WC4 <WCM<WCC (table 1) . When compared with males, these differences were more obvious for females (table 3) . Moreover, systematic errors were observed for the assessment of WC between all measurement sites ( fig. 1 ) and differences in magnitudes of WCs resulted in different waist-to-hip ratios (table 1) and prevalence of 'overwaist' (table 4). All WCs were closely correlated with BMI and %FM. However, WCR compared to WC4 was stronger related to BMI in males and WCC vs. WC4 to %FM in females. Regarding cardiometabolic risk factors, WCC vs. WCR had a stronger relation with triglycerides in females and WCC vs. other WCs with LDL-C in males. All other cardiometabolic risk factors were comparably associated with WCs (table 5) .
Concordance of WC Measurement Sites
In line with Wang et al. [11] and Rudolf et al. [12] , we could show that though highly correlated with each other, WCs differed in their magnitude. Thus, WCs measured at different sites cannot be used interchangeably. This was more obvious for females compared to males (table 3) and was probably due to sex differences in body shape. As shown in table 4, differences in magnitudes of WCs resulted in different prevalences of 'overwaist'. But one should keep in mind that we have applied references generated of WC measurements midway between the lowest rib and the iliac crest [17] . Reference charts for WC are available for several countries as for example Great Britain [26] , China [27] , and the United States [28] . These references were also generated of WC measurements midway between the lowest rib and the iliac crest. However, this could lead to bias and misinterpretation when applying these references to other WC measurement sites, since WCR as well as WC4 underestimated and WCC overestimated WC when compared with WCM (table  3) . These results confirm the proposition of Wang et al. [11] that a comparison between WCs is only valid if the same measurement site is used.
Relationship of WC Measurement Sites with Nutritional Status
The association between WC and BMI as well as %FM differed according to WC measurement site. Although all WCs were highly correlated with BMI and %FM, WCR compared to WC4 had a closer relation with BMI in males and WCC vs. WC4 with %FM in females. This is in line with Rudolf et al. [12] who showed that three measurement sites for WC were highly correlated with BMI, although there was bias and variability between the measures. Wang et al. [11] showed that %FM had a closer association with WCC compared to three other measurement sites. They proposed that WCC seems to be appropriate for linking VAT with a singleslice computed tomography or magnetic resonance imaging measurement, since the iliac crest is closer to L4-L5 than other measurement sites. However, a comprehensive view of different WC measurement sites regarding their association with VAT as assessed by gold standards such as magnetic resonance imaging in children and adolescents is still missing. Edwards et al. [13] used data of 15 adults with spinal cord injury and 16 able-bodied controls, where VAT was assessed by computed tomography at L4-L5 and WC was measured at three sites (WCR, WCM and WCC). Although all sites were closely correlated with VAT, WCR was the only predictor of VAT in a regression model. Whether this is also true for children and adolescents is not clear, since childhood and adolescence are periods where VAT is physiologically scarce [29] and puberty can influence the WC-VAT relationship [30] . In this context, a limitation of our study was the age range (6.1-19.9 years). Fat patterning changes rapidly during growth and sexual maturation with differences between females and males. Additionally, sex hormones differently influence subcutaneous and visceral adipose tissue [30] . Therefore, an investigation of children with a narrower age range would be preferable.
Hitze/Bosy-Westphal/Bielfeldt/Settler/ Mönig/Müller surement site must be standardised to immediately below the end of the lowest rib [11] . The measurement of WC4 in children/adolescents with a wide age range may not be comparable, since the landmark at '4 cm above the umbilicus' results in different positions. WCM measurements require the landmarking of two sites (WCR and WCC); a misplacing of either landmark has significant effects on the data [11] .
In conclusion, in children, adolescents, and young adults, variability was seen between different measures of WC so that WCs measured at different sites cannot be used interchangeably. This was more obvious in females than in males. As a consequence, there is a need for an internationally accepted WC measurement site. At present, a concordance of WC measurement sites should be assured when applying WC references to define 'overwaist'.
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Relationship of WC Measurement Sites with Cardiometabolic Risk Factors
To our knowledge, this is the first study to investigate different measurement sites for WC regarding cardiometabolic risk factors in children, adolescents, and young adults (table 5) . WCC vs. WCR had a stronger association with triglycerides in females. In males, WCC compared to other sites was closer related to LDL-C. However, on the basis of these results, we cannot say which method was superior. WC measurement sites need to be validated against gold standards for assessing visceral fat (such as magnet resonance imaging). One should further keep in mind technical issues in assessing WC when choosing a WC measurement site for epidemiological studies. All measurements of WC were highly reproducible (intra-observer CVs < 1.5%). However, inter-observer CV was highest for WCC (3.1%). The assessment of WCC might be difficult, since the waist shape above the iliac crest decreases more than the waist shape in other regions of the trunk; it might be problematic stabilising the measurement tape on a sharply curved skin surface [11] .However, technical issues need also be considered when assessing other WCs. Regarding WCR, the mea-
